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Abstract

PURPOSE—Diffuse intrahepatic tumors are difficult to control. Whole liver radiotherapy has
been limited by toxicity, most notably radiation-induced liver disease (RILD). Amifostine is a
prodrug free-radical scavenger that selectively protects normal tissues and, in a preclinical model
of intrahepatic cancer, systemic amifostine reduced normal liver radiation damage without
compromising tumor effect.(1) We hypothesized that amifostine would permit escalation of whole
liver radiation dose to potentially control microscopic disease. We also aimed to characterize the
pharmacokinetics of amifostine and its active metabolite WR-1065 to optimize timing of
radiotherapy.

METHODS AND MATERIALS—We conducted a radiation dose escalation trial for patients
with diffuse, intrahepatic cancer treated with whole liver radiation and intravenous amifostine.
Radiation dose was assigned using the Time-to-Event Continual Reassessment Method. A
companion pharmacokinetic study was performed.

RESULTS—23 patients were treated, with a maximum dose of 40 Gy. Using a logistical
regression model, compared to our previously treated patients, amifostine increased liver tolerance
by 3.3 + 1.1 Gy (p=0.007) (approximately 10%) with similar response rates. Peak concentrations
of WR-1065 were 25 uM with an elimination half life of 1.5 hours; these levels are consistent
with radioprotective effects of amifostine in patients.

CONCLUSION—These findings demonstrate for the first time that amifostine is a normal liver
radioprotector. They further suggest that it may be useful to combine amifostine with fractionated
or stereotactic body radiation therapy for patients with focal intrahepatic cancer.
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Introduction

We and others have demonstrated that high dose external beam radiotherapy can be
delivered safely and can control focal intrahepatic tumors.(2—4) Unfortunately, many
patients with liver cancer present with diffuse liver tumors. For these patients, therapeutic
radiation is limited by the whole liver tolerance of only about 30 Gy.(5)

Amifostine is an organic thiophosphate that was developed to selectively protect normal
tissues against the toxicities of chemotherapy and radiation. It is a pro-drug that is
dephosphorylated at the tissue site to its active metabolite (WR-1065) by alkaline
phosphatase. Differences in the alkaline phosphatase concentration in normal tissues and
tumor cells result in differential concentrations of active WR-1065. In addition, differences
in the pH of normal and tumor tissues lead to preferential uptake of WR-1065 by normal
tissues. Once inside the cell, WR-1065, a free thiol, acts as a potent scavenger of oxygen
free radicals induced by ionizing radiation and some chemotherapies.(6)

Amifostine has been used in several clinical trials for protection of normal tissues.(7, 8)
Brizel et al. demonstrated a salivary gland radiation protection factor of approximately 1.4
with amifostine.(7) If this same radiation protection factor were achievable in the whole
liver setting, then patients would be able to tolerate 42 Gy or more, possibly enough to
control microscopic disease and prevent recurrences in other parts of the liver after high
dose focal radiation.

Using a rat liver model of intrahepatic cancer, we found that systemic administration of
amifostine decreased radiation damage of normal hepatocytes by as much as 50% without
protecting the tumor.(1) We therefore hypothesized that amifostine would allow for a higher
dose of whole liver radiation to be safely administered. The primary aim of the study was to
assess the maximum tolerated dose (MTD) of whole liver radiation with the protection of
systemic amifostine. We also sought to characterize the pharmacokinetics of amifostine and
its active metabolite, WR-1065, for optimal timing of therapy in this patient population.

Methods and Materials

Patients

This was an IRB approved prospective protocol; all patients signed an approved consent
form describing the study's experimental nature. Eligible patients were =18 years old, with
histologically or alpha-fetoprotein (AFP) confirmed multi-focal primary or metastatic
intrahepatic cancers. Adequate liver, renal, and bone marrow function was required: INR <
1.2, LFTs < grade 4, absolute granulocytes = 1500/mm3, platelets > 80,000/mm3, BUN < 40
mg/dl and creatinine < 2.0 mg/dl. Patients with neuroendocrine tumors and those treated
with prior radiation were ineligible. After observing toxicity in 2 patients who had
previously received alkylator or taxane chemotherapy, these patients were excluded from the
remainder of this study.

Study Design

The primary endpoint was to determine the maximum tolerated dose of radiation that
resulted in an estimated risk of radiation induced liver disease (RILD) of approximately
15%. The secondary endpoint was disease response as measured by the RECIST criteria.
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Dose was assigned using the time-to-event continual reassessment method (TITE-CRM),(9)
specifically using the Lyman dose-toxicity model with an additional parameter representing
the protective effect of amifostine, so that, for a patient treated at radiation dose D:

aD — T D5
p(D)=¢ (TDSO where @ is the cumulative standard normal probability function;(10)
mis a steepness parameter of the curve; TDgg is a function of the patient's dose-volume
histogram and an implicit dose-volume effect parameter, n; and a. represents the protective
effect of amifostine, such that a=1.0 represents no protection, a. =0.0 represents complete
protection.

Based on previous data(11)we fixed m=0.1, n=0.92 and TD5¢=39.7 Gy and 49 Gy in
primary and metastatic patients respectively. TITE-CRM was used to continually re-estimate
a during the trial using a Bayesian paradigm. Given the expected value of the posterior
distribution, a., based on available data and a beta prior distribution, a patient was assigned
to the highest dose in Table 1 such that the probability that a patient developed RILD was
<15%. Pre-clinical data indicated that amifostine could reduce the toxicity of whole-liver
radiation by 50%, represented by a=0.5, but the parameters of a's prior distribution were set
to 7 and 2.5, so that the initial value of a was 0.74, which was felt to be conservative. These
parameters resulted in baseline estimates of the probability of developing RILD. The first
patients in the primary and metastatic cancer strata were treated at 32 Gy and 36 Gy,
respectively, with lower doses given to patients with primary intrahepatic tumors, who
generally had already compromised liver function in the setting of cirrhosis.

Dose limiting toxicity was defined as developing grade 4 changes in AST, ALT, alkaline
phosphatase, albumin, total bilirubin, or platelet count, or any other = grade 3 toxicity
attributable to radiation treatment (i.e. in the absence of tumor progression).

Whole Liver Radiation

Patients all underwent CT simulation and 3D conformal radiation treatment planning to
minimize dose to the heart, kidneys, intestines, and lung. Whole liver radiation was
delivered in 2 Gy fractions, 5 days a week, using high energy (15 MV) photon beams.

Amifostine Administration

Amifostine was given 340 mg/m?2, IV push over 10 seconds, through a PICC line,
approximately 15-30 minutes before each daily radiation treatment. Antihypertensive
medications, including diuretics, were held 24 hours prior to amifostine administration.
Blood pressure was measured before and after infusion. Patients were kept supine, and they
received IV hydration afterward.

Amifostine and WR1065 Assays

To allow for optimization of combination therapy with amifostine and radiotherapy, we
conducted a pharmacokinetic study on 5 patients on this trial. After informed consent, the
pharmacokinetic parameters of amifostine and its active metabolite WR-1065 were
determined on the first day of radiotherapy in 3 female and 2 male patients. Serial blood
samples were collected from a peripheral vein distant from the injection site at 0 (predose),
1, 3, 5, 15, 30, 45 and 60 min, and hourly through 6 hours after amifostine administration.
Amifostine plasma samples were analyzed using reversed-phase high-performance liquid
chromatography (HPLC), with electrochemical detection, as described previously by Shaw
et al.(12) Using this method, the limit of quantification for amifostine was 0.5uM. The peak
height ratios of amifostine to internal standard (WR-80855) were linear over a concentration
range of 0.5 to 50 wM (r? = 0.999). The inter-day accuracy and precision of the assay were <
8% using spiked concentrations of amifostine at 1, 10 and 40 M. For the pharmacokinetic
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analyses, plasma concentrations of amifostine were converted to blood concentrations of
drug given its blood-to-plasma ratio of 0.5.(13) WR-1065 blood samples were analyzed
using reversed-phase HPLC, with coulometric detection, according to published methods.
(14) For WR-1065, the limit of quantification was 0.05 .M and WR-1065 peak heights were
linear over a concentration range of 0.05 to 10 wM (r? = 0.999). The inter-day accuracy and
precision were < 2% and < 10%, respectively, using spiked concentrations of WR1065 at
0.1,1.5and 7.5 pM.

Pharmacokinetic Model and Analysis

The statistical package NONMEM V1 1.0 (GloboMax LLC, Hanover, MD) was used to fit
the amifostine and WR-1065 data using a first-order conditional estimation with n-e
interaction. Log-transformed data were used for model analysis. The disposition of
amifostine was described by a one-compartment model with first-order elimination, and the
disposition of WR-1065 was described by a two-compartment model (Figure 1).

Patient follow-up for toxicity and evaluation of response

Toxicity assessments were performed weekly during treatment, every 2 weeks for the first 2
months after treatment, and every three months thereafter. Disease response was assessed 2
months after treatment by CT or MRI and compared to pre-treatment measurements, using
RECIST criteria.

Estimation of amifostine effect

Results

To assess the effect of amifostine at the end of the trial, all the patients from the series
described in Dawson et al(11) who underwent whole-liver radiation therapy with concurrent
floxuridine for primary liver cancer were identified, and a logistic regression model
estimating the probability of RILD as a function of mean radiation dose to normal liver was
fit to these patients and the primary liver cancer patients who received amifostine. Separate
regression parameters were estimated for patients treated with and without amifostine, and
the statistical significance of the difference between those was assessed using a Wald XZ
test. The tolerance doses for 50% (TDsg) and 15% (TD15) complication risk for uniform
whole organ irradiation for patients treated without and with amifostine were estimated from
the logistic regression parameters, and the standard errors of these estimates calculated by
means of the delta method.

Patients and treatment

23 patients were treated from April 2003 through October 2007; 10 with hepatocellular
carcinoma, 6 with intrahepatic cholangiocarcinoma, and 7 with metastatic disease (colon/
rectal, breast, melanoma, and unknown primary). Median age was 60 years (range 35-78).
19 patients were Child-Pugh Class A and 4 Class B. Nine patients (39%) received systemic
therapy prior to enroliment, including 5-FU, leucovorin, capecitabine, gemcitabine,
irinotecan, oxaliplatin, doxorubicin, paclitaxel, docetaxel, vinorelbine, cyclophosphamide,
temozolomide, thalidomide, and interleukin-2. After noting toxicity in 2 patients previously
treated with alkylators and taxanes, these were added to the exclusion criteria.

Amifostine and WR1065 Systemic Profiles

Blood concentration-time curves for amifostine, after intravenous bolus dosing, are
displayed in Figure 2. Amifostine concentrations declined rapidly over 30 minutes,
indicating the quick conversion of parent drug to WR-1065. This rapid decline was
consistent with amifostine’s large clearance (66.2 ml/min/kg), relatively small volume of
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distribution (0.3 L/kg) and very short elimination half-life (3.3 min). The inter-subject
variability of clearance and volume of distribution for amifostine was low after including the
covariate “weight” into the model. The formation and disposition of WR-1065 in blood are
also shown in Figure 2. Peak WR-1065 concentrations of 25 M were achieved at about 4
min, confirming that amifostine was rapidly converted to WR-1065.

NONMEM estimates of amifostine and WR-1065 pharmacokinetics are shown in Table 2.
The clearance (90.8 ml/min/kg) and volume of distribution estimates (VV2=0.8 I/kg and
V3=1.4 I/kg) of WR-1065 were larger than those of amifostine, indicating that WR-1065
was metabolized very quickly and was extensively bound in tissue compartments. The
elimination half-life of WR-1065 (1.5 hr) was much longer than that of amifostine. The fits
from 100 bootstrapped replicates of data demonstrate the stability of the model.

Radiation induced liver disease occurred in 4 patients. Of the 13 patients with primary
intrahepatic cancer, one occurred at 38 Gy, and one at 40 Gy. In the group with metastatic
disease, RILD occurred at 36 Gy in two patients, and led to closure of this arm of the study.

Based on these data, the logistic regression estimate of TDsy when patients are treated with
amifostine is 41.0 Gy (£0.93 Gy), versus 37.7 Gy (x0.65 Gy) for 12 similar patients treated
without amifostine in the series published in 2002 (3). The difference between these
estimates (3.3+1.1 Gy) is statistically significant (p=0.007). Estimates of TD15 are 39.6 Gy
(x0.89 Gy) and 36.4 Gy (+0.83 Gy) for patients treated with and without amifostine,
respectively. The estimated dose-toxicity curves for RILD as a function of mean dose to
normal liver, for patients treated with and without amifostine, are presented in Figure 3.

In patients with metastatic disease, we were unable to accurately estimate the MTD, as
RILD occurred in 2 patients at the initial 36 Gy dose level. This was possibly due, in
retrospect, to prior alkylating chemotherapies (cyclophosphamide, temozolomide) that these
patients received. Besides RILD, other toxicities of treatment are listed in Table 3.

Disease Response

At 2 months, 2 patients had objective partial responses (one of which lasted 2 years), 8 had
stable disease and 13 had progressive disease. Additionally, all 5 patients with
hepatocellular carcinoma and pre-treatment alpha-fetoprotein (AFP) elevation showed AFP
decreases of approximately 60% from baseline. These responses are not substantially
different from those reported previously after whole liver radiation, although our power to
detect a clinically significant improvement is small.

Discussion

Amifostine has already been demonstrated to be a radiation protector of the salivary glands,
lungs, and esophagus.(7, 8) Based on our preclinical studies,(1) we had hypothesized that
amifostine would protect the normal liver from radiation if sufficient plasma levels were
achieved. In our study, WR1065 was found at levels consistent with radioprotective effects,
and amifostine conferred modest protection of the normal liver from radiation damage. With
amifostine, whole liver radiation doses of up to 38 Gy may be safely administered for
primary liver cancer. Although the radiation protection factor of 1.1 was lower than we had
predicted in our preclinical studies, our results demonstrate for the first time that amifostine
is a normal liver radiation protector. This opens the possibility of using amifostine in
combination with radiation for patients with focal liver disease undergoing fractionated or
stereotactic body radiotherapy for focal liver tumors, as dose is often limited by the risk of
RILD due to irradiation of uninvolved portions of the liver. For patients with diffuse primary
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or metastatic liver tumors, the use of amifostine combined with regional therapies including
radioembolization and chemoembolization needs to be further explored.

One possible explanation for the modest radioprotection observed may be related to the
pathophysiology of radiation induced liver disease. RILD is a form of veno-occlusive
disease, which is thought to result from damage to liver endothelial cells. Alkaline
phosphatase, which is instrumental in converting amifostine into active WR-1065, may be
predominantly located in the hepatocytes, and it is possible that the endothelial cells may not
have had adequate WR-1065 to confer greater protection.(15) Furthermore, endothelial cells
may also be exquisitely sensitive to radiation. Our timing of amifostine administration, 15—
30 minutes prior to radiotherapy, was according to other studies demonstrating
radioprotective effects,(7) but may not have been optimized. According to pharmacokinetic
data from our study, peak WR-1065 concentrations of 25 M were achieved at about 4 min,
suggesting that shortening the interval between amifostine administration and RT may
increase its protective effects. Indeed, Kouloulias, et a/found a significantly improved effect
if RT was administered within 15 minutes after amifostine infusion, as compared with 25—
40 minutes after infusion.(16)

There is little data currently available on the pharmacokinetics and disposition of amifostine
and its active metabolite WR-1065 in clinically relevant settings. One study was performed
in 12 healthy volunteers,(17) a second study was performed in a heterogeneous group of 13
cancer patients,(12) and a third study was performed in 9 cancer patients with solid tumors,
(18) where 3 subjects were evaluated for amifostine kinetics and 6 patients were evaluated
for WR-1065 kinetics in the presence of either cisplatin or carboplatin. Results from the
current study represent the first “complete” model in which both amifostine and WR-1065
pharmacokinetics were examined simultaneously, and in a single patient population of
intrahepatic cancer. We demonstrated that amifostine was eliminated rapidly from the body
due to its rapid conversion to WR-1065, which in turn was quickly metabolized. Both the
clearances of amifostine and WR-1065 (66.2 and 90.8 ml/min/kg, respectively) were on the
order of cardiac output (about 75-80 ml/min/kg). Whereas amifostine was confined to the
extracellular fluid (based on a plasma V1 of 12.9 liters), WR-1065 was more extensively
distributed into peripheral tissues. As a result, amifostine was largely removed from the
body over 30 min while WR-1065 levels persisted for a much longer period of time, with a
half-life of 1.5 hours. Thus, amifostine's protective effect through WR-1065 will likely last
long enough for stereotactic body radiotherapy or intensity-modulated radiotherapy, both of
which are typically delivered over a protracted period of time, sometimes close to an hour.

In our study, amifostine was administered intravenously to ensure systemic drug delivery to
the liver. Subcutaneous (SC) administration has also been studied, for convenience and
reduced side effects, namely hypotension. (19) This route may be a more tolerable route of
administration in the future, although pharmacokinetic data demonstrating levels similar to
those found after IV administration are lacking, and are thus still necessary.

The maximal tolerated dose of whole liver radiation in our metastatic patients could not be
estimated due to early toxicity in two patients who had previously received alkylating
chemotherapy, which has been implicated in the development of veno-occlusive disease of
the liver.(20) Therefore, whole liver radiation should be used very cautiously, if at all, for
patients who have previously received alkylating chemotherapy, as this likely predisposes
patients to RILD. In the absence of previous alkylating agent chemotherapy, we would have
expected to find the liver of a patient with metastatic disease to be more tolerant of radiation
than that of a patient who developed hepatocellular carcinoma in the setting of cirrhosis.(10)
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summary, we have demonstrated for the first time that amifostine has radioprotective

effects on the normal liver. We have also characterized the pharmacokinetics and disposition

fo

r amifostine, and its active metabolite WR-1065 in a uniform group of patients with

intrahepatic malignancies. While amifostine is unlikely to substantially benefit patients who
require whole liver radiation, it may provide enough radiation protection to the normal liver
during focal liver radiation to allow for the safe delivery of =75 Gy, or the biologic
equivalent using stereotactic body radiotherapy, which, based on our previous experience
could possibly improve survival.(2)
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Figure 1.

Schematic representation of the pharmacokinetic model for amifostine (parent drug) and
WR-1065 (active metabolite). CL¢ =clearance of amifostine; CL, is the clearance of
WR-1065; V1=the volume of distribution of amifostine; V, =the volume of distribution of
WR-1065 in the central compartment; V3=the volume of distribution of WR-1065 in the
peripheral compartment, CL,3, CL3>=the inter-compartmental clearances.
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Figure 2.

Blood concentration-time profiles of amifostine (dark circles) and its active metabolite
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WR-1065 (open circles) in five patients with intrahepatic cancer.
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Figure 3.

Estimated probability of RILD given mean dose to normal liver for primary liver cancer
treated with amifostine (dashed line) in this study and without amifostine (solid line), from
the control series. Circles indicate mean dose and if patient experienced RILD (1.0) or not
(0.0). Open circles represent patients from the current study, and closed circles from the
control series. The thick lines are expected probabilities of toxicity from the logistic
regression model. 90% confidence intervals are presented, with the overlap of the
confidence regions shaded gray.
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Table 1

Baseline estimates of the probability of RILD

Page 12

Primary

Metastatic

Assigned Dose (Gy)

Predicted %risk of RILD
without amifostinel®

Predicted % Risk of
RILD with Amifostine

Predicted %risk of RILD
without amifostinel®

Predicted % Risk of
RILD with Amifostine

32 2.6 <0.1

34 7.6 0.1

36 17.6 0.3 2.3 <0.1
38 33.4 1.0 6.0 <0.1
40 53.0 2.6 133 0.2
42 71.9 6.2 25.2 0.6
44 86.1 12.9 41.2 15
46 94.4 233 58.8 3.4
48 74.8 7.1
50 86.7 133
52 94.0 22.5
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Table 2

Population pharmacokinetics of amifostine and WR-1065 in patients with intrahepatic cancer”

Parameterb NONMEM Method Bootstrap Method
Estimate % CV  Edimate % CV
CL; (ml/min/kg) 66.2 5.8 65.7 6.7
Vi (L/kg) 03 116 03 114
CLy, (ml/min/kg) 90.8 14.1 91.3 14.9
V, (L/kg) 08 23.3 0.8 243
V3 (L/kg) 1.4 24.9 14 27.8
CLys=CLg, (ml/min/kg) 14.1 17.5 14.2 18.7

Inter-individual Variability

1 CL¢ (%) <1 <1 <1 <1
nV; (%) 248 595 22.1 65.1
1 CLn (%) 7.1 58.2 6.0 73.2
nV, (%) <1 <1 <1 <1
1 Vs (%) <1 <1 <1 <1
1 CLy3=CL3; (%) <1 <1 <1 <1

Residual Variability

e Amifostine (LM) 0.5 135 0.5 13.8

& WR-1065 (uM) 04 5.1 0.4 9.2

aPatient characteristics (mean + SD) include the following: age = 54 + 10 yr; body weight = 86 + 24 kg; height = 170 + 8 cm; and body surface

area=2.0 + 0.3 m2.

bCLf is the clearance of amifostine; CLm is the clearance of WR-1065; V1 is the volume of distribution of amifostine; V2 is the volume of
distribution of WR-1065 in the central compartment; V3 is the volume of distribution of WR-1065 in the peripheral compartment, CL23, CL32 are
the inter-compartmental clearances, nj is the inter-subject variability, and ej is the residual error.
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Other Toxicities

AdverseEffect | Gradel-2 | Grade3-4
Fatigue 15 (65%) 1 (4%)

Hypotension 16 (70%) 0

Nausea/vomiting 17 (74%) 0
Hypocalcemia 7 (30%) 1 (4%)
Hyponatremia 0 3 (13%)

Pericarditis 0 1 (4%)

Anaphylaxis 0 1(1%)
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